Lignin samples fractionated from microwave liquefied switchgrass were applied in the preparation of semirigid polyurethane (PU) foams without purification. The objective of this study was to elucidate the influence of lignin in the PU matrix on the morphological, chemical, mechanical, and thermal properties of the PU foams. The scanning electron microscopy (SEM) images revealed that lignin with 5 and 10% content in the PU foams did not influence the cell shape and size. The foam cell size became larger by increasing the lignin content to 15%. Fourier transform infrared spectroscopy (FTIR) indicated that chemical interactions occurred between the lignin hydroxyl and isocyanate revealing that lignin was well dispersed in the matrix materials. The apparent density of the foam with 10% lignin increased by 14.2% compared to the control, while the foam with 15% lignin had a decreased apparent density. The effect of lignin content on the mechanical properties was similar to that on apparent density. The lignin containing foams were much more thermally stable than the control foam as evidenced by having higher initial decomposition temperature and maximum decomposition rate temperature from the thermogravimetric analysis (TGA) profiles.
Introduction
As an important engineering material, polyurethane foam (PU foam) has been widely used in automotive industry, insulating panel, construction, and so on [1] . Currently, the research on the alternative of petroleum-based polyol, a main chemical component to manufacture PU foam with eco-friendly biopolyol sources such as biodiesel residues, has attracted an increasing attention [2] , due to the rapid depletion of fossil fuels.
Vegetable oil composed of triglycerides of long chain fatty acids has great potential for the synthesis of polyols. In recent years, a series of vegetable oils have been successfully applied in the preparation of biobased PU foams, such as modified oils from soybean and castor oils [3] [4] [5] . Meanwhile, chemical platforms derived from nonfood resources were also modified and used as alternative components to achieve highly functional biobased foams. Lignocellulosic biomass composed of cellulose, hemicellulose, and lignin is a valuable and worldwide accessible bioresource which can provide alternative chemicals via proper conversion processes. Recent achievements in biomass thermochemical conversion techniques have stimulated great interests in the integrated utilizations of lignocellulosic biomass for the production of hydroxyl-rich biopolyols. The achieved biopolyols by liquefaction have high hydroxyl functionalities and great promising properties in the production of PU foams [6] . A large variety of lignocellulosic biomass such as bamboo [7] , wheat straw [8] , and soybean straw [9] has been liquefied into liquid polyols for the preparation of PU foams. Instead of converting lignocellulosic biomass into biopolyols as a core reactant in the synthesis of foams, other researchers directly added bioderived materials such as wood pulp fiber [10] and nanoparticle lignin [11] into matrix materials as reinforcing filler in the biofoams.
Lignin is composed of three different types of phenylpropane units. It is a three-dimensional amorphous phenolic 2 International Journal of Polymer Science polymer which fills the space between cellulose and hemicellulose and cross links with hemicellulosic polysaccharides [12] . Lignin generally features an irregular structure with a highly condensed cross-linked polymer network providing the biomass with mechanical strength as well as rigidity to resist external forces [13] . However, lignin from pulping or biorefinery industries is currently an underutilized waste product. About 225 million tons of lignin generation is expected from the cellulosic alcohol industry in the United States in the near future, and only 2% is used for valueadded applications [14] . In order to address the resource waste problem and to enhance the commerciality of the bioethanol industry, a number of studies have been conducted to use lignins as raw feedstocks for production of biobased materials. Lignin was added to poly lactic acid (PLA) matrix to fabricate PLA-lignin composites for use as packaging materials [15] . The liquefied lignin was applied for the substitution of petro derived ployol to prepare flexible polyurethane foams [16] . Organosolv and Kraft lignin were used as hydroxyl sources to replace polyols for the production of PU foams [17, 18] . Meanwhile, some chemical strategies such as oxypropylation [19] , urethane modification [20] , and liquefaction [21] were also used to modify lignin macromolecules, and the modified lignin was incorporated into the polyurethane matrix for production of high biocontent materials. Although recent research work on lignin-based foam has achieved great progress, some of these synthesized foams could not show comparable properties to commercial ones. Thus, intensive work is still needed to find efficient ways to transform lignin into highly functional materials for market applications.
In the past decades, research for alternate fuel resources to meet the ever-increasing energy demand and to avoid dependence on fossil fuel has attracted the attention of researchers worldwide. Switchgrass (Panicum virgatum), which occurs naturally from 55 ∘ N latitude to central Mexico [22] , is considered as a promising crop for a large region of the Unite States. Switchgrass shows promise due to its high productivity, suitability for marginal land quality, low water and nutritional requirements, environmental benefits, and flexibility for multipurpose uses [23] . It has been used over other crops for conversion to bioenergy within the United States and was identified by the US Department of Energy as a model herbaceous energy crop [24] . Nowadays, fast pyrolysis and enzymatic hydrolysis have been used as common strategy for energy conversion employing switchgrass [25, 26] . Recent research on alkaline pretreatment of switchgrass for lignin removal and sugar retentions for economic valuable cellulosic ethanol production was reported by Karp et al. [27] . Meanwhile, liquefaction was also applied in the integrated utilizations of switchgrass for biobased epoxy resins [28] . In our previous study, we optimized a system to selectively liquefy the lignin in lignocellulosic biomass for production of carbohydrate polymers. In order to verify the commercial potential of this novel biomass utilization process, the lignins from the selective liquefaction process were recovered and the physicochemical properties of the lignin samples were examined [15] . Previous results showed that the recovered switchgrass lignin retained its original core structure, high thermal stability, and good solubility in common organic solvents. Thus, in order to verify whether the recovered lignin had potential for PU foam, lignins were introduced into the PU matrix for the preparation of lignin containing semirigid PU foams. The specific objective of this study was to investigate the influence of lignin on the morphological, mechanical, and thermal properties of the synthesized foams. The aim of this research was to provide a new approach for the utilizations of biorefinery industrial lignins.
Experimental

Material and Chemicals. Switchgrass (Panicum virgatum)
was harvested from agricultural land in central Louisiana, USA. The whole switchgrass straw including leaves was reduced to particles using a Thomas Wiley Laboratory mill. The particles were screened to collect particles that passed through a 20-mesh sieve and then retained on a 40-mesh sieve and then dried to a constant weight in an oven maintained at 80 ∘ C. The dried particles were stored in polyethylene bags and used without further treatment. All acids, glycerol, and methanol used were of reagent grade and obtained from commercial sources.
Microwave Liquefaction.
Microwave selective liquefaction was carried out in a Milestone MEGA laboratory microwave oven. Mixed glycerol and methanol at a ratio of 2/1 (w/w) was used as the solvent at a solvent to switchgrass ratio of 4/1 (w/w). Sulfuric acid (1.75% of solvent weight) was used as the catalyst. A typical reaction mixture consisting of 2 g of switchgrass particles, 8 g of solvent, and 0.14 g of sulfuric acid was loaded in Teflon vessels with a magnetic stirring bar. The Teflon vessels were then placed on the rotor tray inside the microwave cavity. The temperature was monitored using an ATC-400FO automatic fiber optic temperature control system. Based on monitored temperature, the output power was autoadjusted during liquefaction. In this study, the temperature was increased from room temperature to 120 ∘ C and then was kept constant for 4 min. The resulting reaction mixtures were dissolved in methanol and then vacuumfiltered through Whatman number 4 filter paper.
The filtrated liquid was evaporated at 45 ∘ C under vacuum to remove methanol, and then distilled water [10/1 (w/w)] was added to the obtained liquid. The mixture was stirred thoroughly with a glass rod. Afterwards, the mixture was centrifuged at 5000 rpm for 10 min. The precipitates were dried at 30 ∘ C for 12 h. The samples were kept in ambient conditions for further usage.
Preparation of PU Foams.
The control PU foam was prepared using a one-step method according to a previous used method [29] . A typical mixture of PEG-400/glycerol (8.0 g), catalyst (dibutyltin dilaurate, 0.16 g), blowing agents (water, 0.54 g), and surfactant (Dow corning 193, 0.16 g) was premixed thoroughly in a beaker with a mechanical stirrer for 15 s. Afterwards, 12.8 g of isocyanate ([NCO]/[OH] ratio, 0.6) was added to the premixture and the combination was stirred with a high-speed agitator at a stirring speed of 3600 rpm. Immediately afterwards, the resultant mixture was poured into an open cylindrical mold and was allowed to freely rise at room conditions. The obtained foams were allowed to cure at room temperature for 1 h. For the preparation of lignin containing foams, desired lignin samples were dissolved in PEG/glycerol blend at the mass rate of 5, 10, and 15% (based on PEG/glycerol mixture), and then the mixture was compounded with other components following the same procedure for the control foam.
Characterization.
The foam samples were crumbed into powder prior to the chemical structure analysis by using FTIR. The FTIR analysis was performed by a Nicolet Nexus 670 spectrometer equipped with a Thermo Nicolet Golden Gate MKII Single Reflection ATR accessory. Data collection was performed with a 4 cm −1 spectral resolution and 32 scans were taken per sample. The surface morphology of the foam was observed using scanning electron microscopy (SEM, NeoScope JCM-5000, NiKon Instruments Inc.). Test samples were coated with gold using a vacuum sputter coater before being subjected to the SEM analysis. TG/DTG analysis was conducted with a thermal analyzer, TGA (Q50, TA Instruments), to simultaneously obtain thermogravimetric data. About 5 mg of powder sample was loaded on the platinum crucible and analyzed by the thermal analyzer. Pyrolysis was terminated at 800 ∘ C with a heating rate of 20 ∘ C/min under a flow of 60 mL/min of nitrogen gas. The apparent density of the PU foam was measured at 23 ∘ C with 50% relative humidity according to ASTM D1622-03. The size of the specimen was 30 mm × 30 mm × 30 mm (length × width × thickness). Five specimens were used for per sample and the average value was reported. The mechanical properties were characterized by the compressive strength and compressive modulus. The size of the specimen used for compressive strength was 30 mm × 30 mm × 30 mm (length × width × thickness). The test was performed using an Instron testing machine (Instron 4465), with a load of 2 KN at a crosshead speed of 2.5 mm/min. Compressive strength at 10% strain and compressive modulus were performed according to ASTM D 1621-10. For each sample, five specimens were tested, and an average value was taken along with the standard deviation.
Results and Discussion
Morphological Structures.
The cross-section structure of the PU foam samples was characterized by SEM images. As presented in Figure 1 , both the control (Figure 1(a) ) and the lignin containing (Figures 1(b)-1(d) ) PU foams exhibited a honeycomb structure with closed cells. The control PU foams had almost regular cell size and distribution with a negligible quantity of broken cell walls. Despite the broken cell walls, the pure polyol PU foams with a light yellow color had no significant difference in cell structures from the ones with 5% lignin, indicating that the influence of lignin on the foam structure was insignificant with less than 5% lignin content in the foam. With the introduction of lignin into the PU matrix, the PU foam color became brown and the cell diameter tended to be larger.
The cell diameter and number of cells by surface area ( ) of the PU foams were measured and the values are listed in Table 1 . From Table 1 , the polyol PU foams had relatively small cell diameter and high number of cells by surface area ( ). The cell diameters of foams with 5, 10, and 15% lignin were 523.1, 521.3, and 838.8 m, respectively, and the number of cells by surface area ( ) was 1.82, 1.87, and 1.02 N/mm 2 , respectively. According to the ANOVA analysis, significant differences ( < 0.01) in the cell diameter were found between 15% lignin foam and the others. The result revealed that the addition of 15% lignin into the PU matrix had a significant effect on the foam cellular structures. The alteration in the cell structure may be due to the fact that high lignin content affected the cell nucleation process in the preparation of PU foams [30] . Similar results were also found by Pan and Saddler [17] , who reported that the increase of ethanol organosolv lignin ratio in petroleum-based polyol resulted in particularly large cells (bubbles). However, this finding regarding cell diameter was quite different from Luo et al. [3] . This may be due to the character variations among the polyols and lignins employed in the foam preparation. A combination of PEG/glycerol blends and depolymerized switchgrass lignin were used as hydroxyl sources in this study whereas soy oil/lignin powder was used as the reaction feedstock in Luo et al. 's research [3] . (Figure 2(a) ), and the synthesized PU foams (Figure 2(b) ). As shown in Figure 2 (O-CO stretching vibration) were identified in the spectra of the PU foams. No absorption band was observed at 2240 cm −1 assigned to NCO groups in the spectra of the PU foams, which indicated that the isocyanate group was completely consumed with the production of urethane or urea linkages. Meanwhile, the intensity of both the peaks at 3330 and 2870 cm −1 in the spectrum of the polyols was weakened and became broad. These results indicated the occurrence of the efficient chemical interactions between the polyols and MDI.
Chemical Structure. FTIR spectra were used to characterize the chemical structures of polyol, lignin, MDI
Compared to the spectrum of the control foam, no extra band was introduced by the addition of lignin into the PU foam (Figure 2(b) ). There was a slight position shift of carbonyl stretching vibration band from 1703 to 1707 cm
by increasing the amount of lignin in the PU. This result could allow the chemical interactions that occurred between the hydroxyl bonds from the lignin and the NCO groups [31] . From this result, it can be speculated that lignin was well miscible with the PU foam matrix at a molecular level. Moreover, the bands at 1599 and 1510 cm −1 which also corresponds to the aromatic structure of lignin presented International Journal of Polymer Science no significant difference between the control and lignin containing foams, revealing that the main structure of lignin was not altered by the reactions.
Apparent Density and Mechanical Properties.
The apparent density and mechanical properties of the PU foams are shown in Figure 3 . The apparent density initially increased and then decreased by increasing the lignin content (Figure 3(a) ). The apparent density for the foam with 10% lignin was the highest, increased by 14.2% relative to the control foam, while the foam with 15% lignin showed the lowest density of 0.047 g/cm −3 , which was 12.8% lower than the control foam. In general, for foams with similar cell wall thickness, density is known to decrease as cell size increases, which further influence mechanical properties [32] . Therefore, the low density for the 15% lignin foam is due to its large cell size as evidenced by the SEM image (Figure 1(d) ). Though the 10% lignin foam had similar cell size to that for the control, its relatively high density was due to thicker cell walls (Figure 1(c) ). As shown in Figures 3(b) and 3(c) , by increasing the lignin content to 10%, the compressive strength and compressive modulus increased from 38 and 296 KPa to 63 and 485 KPa, respectively; with additional increase in the amount of lignin, the compressive strength and compressive modulus decreased to 53 and 410 KPa, respectively. The influence of lignin content on mechanical properties of the foams was similar to that on density. This result also confirmed that density is a prominent parameter determining mechanical properties. It can be concluded that the incorporation of lignin into the PU matrix reinforced the PU foams.
Other researchers also observed an increase in compressive strength and compressive modulus by the introduction of less than 10% of lignin into foams [11, 18] . However, lignin was not reinforcement filler in the foam in the report of Xue et al. [30] , who argued that lignin was not completely miscible with the polyol, and the uneven mixture of lignin and polyol resulted in irregular cellular structure and thus weakened the mechanical properties. According to other researches [33, 34] , the addition of 2 wt% and 1.5 wt% cellulose and wood flour into foams increased the compressive strength by 21% and 30%, respectively. In this study, the compressive strength was increased by 63% with the addition of lignin to the foam. For comparison, the lignin used in this study was significant in reinforcing the mechanical properties of foams with comparison to cellulose and wood flour. The significant reinforcement functionality of lignin in the foam may be because lignin is a three-dimensional polymer acting as a compatibilizer in the PU matrix, which resulted in good molecular order of the polyurethane network [31] . With higher lignin content (15%), the mechanical properties of the foam were decreased, probably due to the lignin macromolecules agglomerating into segments, which reduced the uniform distribution of lignin in the foam. This will result in significant changes in the cellular structure and weaken the strength of the foam [17] .
Thermal Stability.
The thermal decomposition behavior of PU foams was evaluated by TG in nitrogen and the TG profiles are presented in Figure 4 . All the samples had a narrow degradable temperature range of 350-450 ∘ C. The decomposition processes of both the control and lignin containing foams were divided into two stages corresponding to soft and hard segments, respectively [35] , indicating that the addition of lignin into the foams had no significant influence on the degradation mechanism.
The thermal degradation temperatures and char yield are presented in Table 2 . The control foam started to decompose at a relative low temperature. onset (defined as the temperature at the mass loss of 5%) significantly increased as the lignin content increased, revealing that lignin in the foam could elevate the initial decomposition temperature primarily because of the thermostable segments produced from interactions between lignin and the PU matrix. The maximum decomposition rate temperature ( max ) shifted to higher temperatures with the addition of lignin. Though max for the foam with 10% lignin was lower than the PU foam with 19% soluble ammonium polyphosphate (flame retardant) [36] , it was greater than the control foam about 11 ∘ C. As shown in Figure 4 (b), the foam with 10% lignin had particularly high degradation rate at the second peak temperature. This is probably due to the ability of lignin to reinforce the soft phase of the PU matrix resulting in the enrichment of the hard segments. These results indicate that the introduction of lignin into the foam could improve the thermal stability of the foams, and the foam with 10% lignin had the best thermal stability. A similar result was found in a study of PU foam made from lignin derivatives enriched biopolyol [29] .
Char yield showed an increasing trend as the lignin content in the foams increased. Char yield for the foam with 10% lignin content was more than 2 times that for the control. This is mainly due to the cross-linkage cellular structure and thermostable nature of lignin. The difference in char yield among the control and lignin containing foams further confirmed that lignin acted as thermal filler in the PU foams.
Conclusions
The addition of less than 10% of lignin fractionated from microwave liquefied switchgrass into the PU matrix had no significant influence on the microstructures of the PU foam, while higher lignin content (15%) in the PU matrix resulted in foam with large cell size. FTIR spectra indicated the occurrence of chemical interactions between lignin hydroxyl groups and NCO groups with the production of an extra hydroxyl bond. The foam with 10% lignin content had the highest apparent density of 0.061 g/cm 3 , best mechanical strength (compressive strength and compressive modulus), and superior thermal stability. Further increase of the lignin International Journal of Polymer Science 7 content in the foam resulted in a decline in the apparent density and mechanical properties. The lignin obtained from liquefied switchgrass could be used as reinforcement filler in the preparation of semirigid polyurethane foams.
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